Tire wear is a very complicated phenomenon that is influenced by various factors such as tire material, structure, vehicle and road conditions. In order to evaluate tire wear, a method for measuring tire wear using the intensity of reflected light was presented [1] . It comprises applying a single layer of reflected paint to a tread surface by spraying, and then measuring the intensity of light reflected from a matrix of blocks on the unworn tire. In this paper, a numerical technique for predicting the uneven wear of passenger car tire is presented. The uneven tire wear produced in wheel alignment condition with vehicle speed, camber angle, and toe angle is predicted by the frictional dynamic rolling analysis of 3D patterned tire model. The proposed numerical technique is illustrated through the method of paint testing the wear on the tread surface of a tire.
Introduction
Tire wear is a complex phenomenon that is affected by tire materials, structures, vehicle dynamics, and road conditions [2] - [7] . There are many approaches to a tire wear study, such as finite element method (FEM) and analytical method.
With the advancement of computer technology and finite element techniques, FEM has been widely used in tire wear prediction [8] [9] [10] [11] [12] . The pattern shape, cross-section shape and tire structure parameters can be discussed or optimized to predict and reduce tire wear. Theoretical models have been developed for tire wear and vibration. The papers [13] - [19] treated theoretical models of different types of tire wear, which focused on the physical processes of wear, the vibration modes of the tire and interaction between the tire and road, and so on. Theoretical models are helpful in understanding numerical results with physical mechanisms which are responsible for the generation of tire wear and their behavior at different values of tire parameters. There may be a possibility of indoor wear test [20] [21] [22] . The first method is evaluating wear energy of a new tire. Certainly, the wear energy is one of the most important indexes, but it is difficult to correctly evaluate uneven tire wear performance, because the tire wear performance changes as it wears. The second is indoor wear testing, but it is difficult to define the test conditions. For experimental approaches, it is necessary to make a tire at least. It is well known that the profile or pattern of a tire has a significant effect on wear performance. If we could evaluate the tire wear performance by simulation, we wouldn't even need to make a tire for the wear test, except for the last confirmation test. As a result, tire development could be more efficient, and if there is a problem with tire performance, we could correct the tire design earlier. Recently, Tamada and Shiraishi [23] developed the tire wear simulation. However, it is too difficult to simulate vehicle driving condition.
In general, uneven tire wear compromises the life and performance of tires, the handling of vehicle, and safety. Chung and Lee [1] presented a method of testing uneven tire wear. It comprises applying a single layer of reflective paint to a tread surface by spraying, and then measuring the intensity of light reflected from a matrix of blocks on the unworn tire. The test run can be considerably shorter than test runs utilizing other methods. So, we started developing the method for measuring tire wear using intensity of reflected light using a finite element analysis. In this paper, a numerical technique for predicting the uneven wear of passenger car tire is presented. The tire frictional energy rates produced in each vehicle condition are computed by the frictional dynamic rolling analysis of 3D patterned tire model. The proposed numerical technique is illustrated through the method of paint testing the wear on the tread surface of a tire.
Problem Description

Uneven Tire Wear
Abnormal wear, which is more critical for its safety implications, includes two types: uneven wear and irregular wear. Uneven wear describes non-uniform distribution of wear across tread pattern and irregular wear mainly characterizes circumferential wear vibration. Uneven tire wear is usually caused by improper alignment, over-inflation, under-inflation or a worn out suspension. Tires are an extremely important component of a passenger car. Excess wear on the inner or outer edge of the tire, known as "toe wear" or, in more extreme cases, as "camber wear", suggests something may be wrong with the wheel alignment. Figure 1 shows the passenger car tires with the various uneven wear patterns. Toe or camber wear at one end of the strip indicates wheel alignment problem, center wear in the center indicates over-inflation, edge wear at both ends indicates under-inflation, and patch or cup wear around the edge on one side and a sharp edge on the other indicates failed struck or shock.
Method for Measuring Uneven Tire Wear
Referring to Figure 2 showing a structure of radial passenger car tire, the tread part is composed of rubber blocks and grooves in complex pattern for the sake of traction, braking, hydroplaning, and so on. Since the frictional slip is on the abrasive ground, it is not too much to say that the tire lifetime is determined by the tread wear performance. In general, the tread wear is characterized by the tread patterned shape (called the crown contour) and the pattern blocks as well as the rubber compound properties, so that the development of high wear-resisting tries can be achieved by appropriately designing these parameters [25] .
Kumho Tire R&D Center developed the uneven tire wear measuring method [1] . It is an evaluation method that can distinguish the uneven wear of the tire in the center and the shoulder of the tread pattern can be expressed by the uneven tire wear tendency. With this evaluation method, it is possible to study the design factor influence of many tires in short time.
Finite Element Analysis of Tire
Tire Model
A tire usually consists of several rubber components, each of which is designed to contribute to some particular factors for tire performance in addition to several cords and rubber composites. These components play a role in maintaining the stiffness and strength required in a tire. Figure 4 shows the finite element mesh and design drawing on the general structure of a radial tire with a size of 205/55R16 found in passenger-car tires, where the roles of tire components are well described in a book by Clark [26] . It consists of a radial carcass ply, two belt plies, bead wires, and several rubber components. The material composition of most tires is distinguished largely into the fiber-reinforced rubber (FRR) parts and the remaining pure rubber part. The FRR parts of the tire model considered here are composed of a single-ply polyester carcass, tow steel belt layers, and several steel bead cords. Since the FRR parts are in the highly complex structure, their material models are chosen based on the goal of the numerical simulation.
In the static tire analysis, those parts are usually modeled using solid elements like rebar elements [27] , and which does not make too much trouble in aspect of CPU time. However, in the dynamic tire analysis this full modeling requires extremely long CPU time, so the FRR parts are modeled as either composite membrane or composite shell. In the current study, two belt layers in underlying rubber matrix and a carcass layer shield with inner are modeled using shell elements. On the other hand, steel cords and underlying rubber matrix in the bead 1  2  3  10  1  01  2  3 1 , , ;
where i J are the invariants of the Green-Lagrangian strain tensor and 10 C and 01 C are the rubber material constants determined from the experiment. On the other hand, K is a sort of penalty parameter controlling the rubber incompressibility. The shear modulus τ and the bulk modulus κ of rubber are related as ( ) 
It is clear that the incompressibility of rubber is asymptotically enforced as the penalty parameter approaches infinity, but the choice of K near 100 is usually recommended for the stable transient dynamic response with the reasonable time step size. Figure 4 shows a two-dimensional section mesh constructed according to the above-mentioned material modeling such that pure rubber solid, composite shell and homogenized solid elements are mixed.
3D Explicit Finite Element Approximation
The frictional dynamic rolling problem is formulated by the total Lagrangian method that refers to the original tire domain 
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The time integration of Equation (2) 
Frictional Energy Dissipation
The frictional energy density 
where µ is the frictional coefficient between tire surface and road, E over all nodes located within the tire footprint region [29] . The frictional energy density is calculated by summation of the multiplication of instantaneous shear stress by slip between tire surface and road.
Uneven Tire Wear Analysis
Test and Evaluation
In order to measure the uneven tire wear, a Hyundai's Avante car is used in this paper. Field measurements of vehicle are carried out on a 30 km proving ground in South Korea. One expert driver took part in the evaluation exercise with over 10 years. In order to estimate the uneven wear of tire, 4 pattern models as shown in Figure 5 are designed to perform the uneven tire wear test according to the pattern shape change. A tire with a size 205/55R16 is used for the test of uneven tire wear. Figure 6 shows the test tires with the various pattern shapes. The width of sipe is 1.5 mm and the groove angle in the depth direction is 10 degrees. During testing the ground is dry and free of major debris.
The proving ground is free of potholes and major cracking. There was very minimal wind observed throughout testing.
In order to analyze the influence of the uneven tire wear due to the wheel alignment change of the vehicle, the test and evaluation are carried out for three Table 1 . A wheel alignment system of a commercial vehicle shown in Figure 7 is the general term used to gloss over the three points [30] . Camber is the tilt of the top of a wheel inwards or outwards (positive or negative). Proper camber (along with toe and caster) makes sure that the tire tread surface is as flat as possible on the road surface. If camber is out, it'll get tire wear. Too much negative camber causes tread and tire wear on the inside edge of the tire. Consequently, too much positive camber causes wear on the outside edge. Toe is the term given to the left-right alignment of the front wheels relative to each other. Toe-in is where the front edge of the wheels is closer together than the rear, and toe-out is the opposite. A typical symptom of too much toe-in will be excessive wear and feathering on the outer edge of the tire tread sections. Similarly, too much toe-out will cause the same feathering wear patterns on the inner edges of the tread pattern. The test conditions are taken for three expected uneven wear results such as even, outside fast, or inside fast wear. Table 2 shows the results of the tread surface images with the different uneven wear amount under three loading conditions. As expected, the uneven tire wear phenomenon can be detected according to the wheel alignment conditions. The area of the image that has a darker color is worn. L1 condition is even wear, L2 is outside fast wear, and L3 is inside fast wear. It can be seen that the uneven tire wear depends on wheel alignment of the vehicle. 
Numerical Analysis
The frictional dynamics rolling analyses are performed by ABAQUS/Explicit method [27] , and driving mode is implemented after the tire reaches the steady-state dynamic rolling. Here, the steady-state rolling of a tire with the pre- The tread and body meshes are separately generated at the beginning and then both are to be assembled by the incompatible surface-to-surface tying algorithm supported by ABAQUS [27] . The 3D body mesh can be easily generated by a simple revolution of its 2D section mesh, but the generation of the 3D tread mesh is not so simple owing to the complexity of tread blocks and grooves. The 3D tread mesh is constructed by our in-house program, which utilizes a series of basic meshing operations. The reader may refer to previous paper [31] for more details on the tread mesh generation and the incompatible tying algorithm.
In order to validate FEA-based uneven tire wear model, the same set of four is slightly higher than that of the center block.
The contours of the frictional energy distribution just after the wheel alignment conditions given in Table 1 are applied and shown in Table 3 for four tires. The red color in the contours shows a high frictional energy, indicating that wear is fast. In the uniform wear condition (L1), the frictional energy is slightly higher in the shoulder block than in the center block. And, the distribution of the frictional energy of the inside and outside shoulder blocks is similar.
The L2 condition has a high frictional energy on the outside shoulder block (Left), and the L3 condition has a high frictional energy on the inside shoulder block (Right). From the simulation results shown in Table 3 , the distribution of frictional energy is similar to the test results shown in Table 2 . For the quantitative comparison of test and simulation results, we use the ratio of the frictional energy of the center block to the shoulder block. And, the shoulder block is calculated by dividing inside block and outside block because L2 or L3 condition is outside or inside fast wear. The correlation between simulation and test is shown in Figure 11 . The horizontal axis is the predicted ratio of the frictional energy of inside or outside shoulder and center block, and the vertical axis is the test results. In the graph, the uniform wear condition (L1) is excluded because the ratio of the frictional energy is close to one. Therefore, we compared the results with the test using only the simulation results of L2 and L3 conditions. Figure 11 shows a high correlation coefficient between the predicted ratio of the friction energy and the measured that with an R 2 of 0.82. It seems that the analysis method of this paper simulates the test method [1] very closely. World Journal of Engineering and Technology Figure 11 . A correlation between FEA and test.
Conclusion
A numerical method for predicting the uneven tire wear has been introduced in this paper to reduce the time and cost that are required for outdoor uneven wear test of a tire at the pattern design stage. The uneven tire wear through the tire footprint contacting with the proving ground is predicted by the frictional dynamic simulation of a 3D patterned tire model. The camber and toe angle, which are actual vehicle conditions, are used to carry out simple straight running and the frictional energy generated in the tread pattern is calculated. The reliability of the prediction method was verified by comparing the test results with the finite element analysis for the tires with four tread pattern shapes. Therefore, the uneven tire wear prediction simulations help improve the efficiency of tire development and help improve the performance of tires without outdoor test work. In the future, it is expected that abrasive wear amount can be presented considering the steering angle, cruising, acceleration, braking and turning of the vehicles.
